The wetting behavior of liquids on solid surfaces is important in the study of surfaces and interfaces.
INTRODUCTION
The characteristic known as wettability is one of the most important properties in the study of the wetting behavior of surfaces, and the bonding behavior of interfaces.
Wettability has been widely studied in research on composite materials, solar cells, electronic devices, and antimicrobial films, among others [1] [2] [3] [4] [5] . The wetting behavior of the surfaces of solid materials is affected by two factors: surface energy and surface roughness [6] Surface energy can be controlled by chemical modification methods, such as fluorination. At the same time, surface roughness can be modified by etching, lithography, template-assisted synthesis, sputter deposition, galvanic replacement reaction and sol-gel synthesis [7] [8] [9] [10] [11] [12] [13] .
Given the importance of wettability in various applications, there has been extensive research on the use of surface modifications to create special wetting properties on solid surfaces. For example, Wang and coworkers applied perfluorodecanol onmultiwall carbon nanotubes (MWCNTs) to synthesize fluorinated MWCNTs [14] . Yang and coworkers created hierarchical textured surfaces by hydrochloric acid (HCl) etching [15] . Well-defined structures with micro-sized pillars and overhang re-entrant structures were produced by Zhao via a traditional photolithographic technique [16] .
Fujii and coworkers prepared hierarchical pillar surfaces by sputtering Al-Nb alloys onto aluminum substrates [17] .
When liquid droplets fall onto rough surfaces, such as micro-patterned surfaces, the wetting behavior of the liquids can be explained by either the Wenzel model [16] or the Cassie-Baxter model [17] . In the Wenzel model, the droplet completely penetrates between the micro-patterns, while in the Cassie-Baxter model, air is trapped between these micro-patterns and the droplet stays on top of the micro-patterns and the trapped air [18] . In most research, the wetting behavior of liquids on solid surfaces is described by just using the static contact angle, which is commonly represented by the apparent contact angle [19] . In the case of rough surfaces, however, the wetting behavior of liquids cannot be adequately described solely in terms of the apparent contact angle [20, 21] .
In this work, we measured the static contact angles of deionized (DI) water and hexadecane on fluorinated and micro-patterned polymer surfaces and compared them to those on bare polymer surfaces. A deeper understanding of the wetting behavior of liquids on surfaces can be obtained by also measuring the sliding angle of the DI water on the micro-patterned surface. For this reason, a combined study on wetting behavior using both apparent contact angle and sliding angle was carried out and analyzed, to obtain a better understanding of the wetting behavior of liquids on a micro-patterned surface.
EXPERIMENTAL PROCEDURES

Preparation of samples
Polymethyl methacrylate (PMMA) film (C.Y. Ltd., Korea) was selected as the substrate material because of its transparency, flexibility, low price and light weight. These are all important properties for electronic and industrial applications. The thickness of the bare PMMA film was 175 μm and the glass transition temperature of the PMMA was approximately 110 C [24] . Fig. 1 shows a schematic diagram of the fabrication processes of the samples. Two types of sample, one with a fluorinated layer and one with a micro-patterned surface, were prepared by spraying and thermal imprinting processes, respectively. The sample with the fluorinated layer was produced by spraying a Durasurf solution (Harves. Co, Japan) onto a bare PMMA surface from a distance of 20~30 cm using an air brush (HP-CH; IWATA, Japan) with a nozzle diameter of 0.3 mm connected to a compressed air tank (pressure of 20 psi), as shown in Fig. 1(a) .
The sample with a micro-patterned surface was manufactured by a thermal imprinting process, as shown in Fig. 1(b) . Prior to fabricating the micro-patterned PMMA, a nickel (Ni) master containing the micro-patterns was prepared by photolithography and an electroforming process [25] . A negative photoresist (THB 126 N; JSR. Co, Korea) was spin-coated on a silicon wafer, which was then baked at 110°C to remove the excess solvent from the THB 126 N layer. The THB 126 N layer was exposed to ultraviolet (UV) light through a photomask (UV intensity 300 mJ/cm
2 ) for about 10 s. After polymerization, the sample was developed in THB 126 N developer solution for 3 min. Finally, the Ni electroforming process was carried out and the silicon was completely removed using potassium hydroxide (KOH) solution. The thermal imprinting parameters used when fabricating the micropatterned PMMA are listed in Table 1 .
Characterization of samples
The wetting properties of DI water (surface tension: 72.7 dyne/cm) and hexadecane (surface tension:
27.6 dyne/cm) on the fluorinated (F-PMMA), micro-patterned (M-PMMA) and micro-patterned PMMA with fluorinated (MF-PMMA) surfaces were investigated and compared to those of a bare PMMA (B-PMMA) surface [6, 26] . The surface energy of each substrate was also measured using the Owens-Wendt model, based on the apparent contact angle of DI water and diiodomethane (surface tension: 50.8 dyne/cm) [27, 28] . The surface morphology of the bare and micro-patterned PMMA surfaces was observed using scanning electron microscopy (SEM) (MIRA3; Tescan, Czech Republic).
The apparent contact angles, which are a form of static contact angles, of DI water and hexadecane nm. Accordingly, the fluorinated coating on the PMMA surface can be expected to be conformal. Table 2 shows the notations and surface energies of the bare PMMA, fluorinated PMMA, micro-patterned PMMA and micro-patterned PMMA with fluorination.
The surface energy of each substrate was calculated from the apparent contact angle of DI water and diiodomethane using the Owens-Wendt model [27] . The surface energies of the bare and fluorinated PMMA were 40.2 dyne/cm and 18.6 dyne/cm, respectively. The surface energy of the micro-patterned PMMA was difficult to measure due to the unique surface structure, but it was expected to have the same value as the bare PMMA.
Static contact angles
The static contact angle was determined by measuring the apparent contact angle of a liquid droplet placed on the surface [21] . Fig. 3 shows the apparent contact angles of the DI water and hexadecane for each sample. The apparent contact angles of the DI water and hexadecane on the bare PMMA surface were 79.5° and 5°, respectively, as shown in Fig. 3 (a) and (b). Both apparent contact angles on the bare PMMA surface were less than 90°, indicating that the bare PMMA surface was intrinsically hydrophilic and oleophilic [6, 7] . In the case of the fluorinated PMMA surface shown in Fig. 3 (c) and (d), the apparent contact angles of the DI water and hexadecane were 115.2° and 62.5°, respectively. These are larger than the apparent contact angles of the liquids with the bare PMMA surface. In particular, the apparent contact angle of DI water on the micro-patterned PMMA surface was 134.2°, which is much higher than that on the bare PMMA, as shown in Fig. 3(e) . On the other hand, the hexadecane droplet spread completely over the micro-patterned surface, with an apparent contact angle of ~ 0°, as shown in Fig. 3(f) . In case of the MF-PMMA surface, as shown in Figs. 3(g) and (h), the apparent contact angles of DI water and hexadecane were 153.7° and 110.8°, which indicate super-hydrophobicity and oleophobicity, respectively. Figure 4 shows the change in the apparent contact angles for the different liquids and substrates. The apparent contact angles of the DI water and hexadecane on the F-PMMA surface were higher than on the bare surface. This phenomenon may be explained by a decrease in surface energy. The comparison of the bare and fluorinated PMMA in Table 2 shows that the fluorine coating affects the surface energy, which decreased from 40.2 dyne/cm to 18.6 dyne/cm. Therefore, the increase in the apparent contact angles was attributed to the decrease in surface energy, which indicates low adhesion at the solid-liquid interface [30] .
For the same reason, the apparent contact angles of the DI water and hexadecane on the MF-PMMA surface were also higher than on the M-PMMA surface. This result explains why fluorine coatings are widely used in liquid-repellent surfaces [31] .
The DI water and hexadecane exhibited different wetting behaviors when they were in contact with the micro-patterned surface. The micro-patterned surface was not flat; therefore, the wettability was affected by the surface roughness. In the Wenzel model, a liquid droplet is in perfect contact with the surface due to its strong capillarity, and there is no liquid-air area below the liquid droplet. In the Cassie model, the liquid droplet is placed on top of the structure, and the trapped air prevents the liquid from penetrating into the micro-patterns [32] .
The contact angle of the liquid droplet in the Wenzel model can be expressed by the following equation [18] :
cos θ w = r cos θ i (1) where θ w is the apparent contact angle on the micro-patterned surface, r is the surface roughness factor (r > 1), and θ i is the intrinsic contact angle on a flat surface of the same material. When the intrinsic contact angle θ i is less than 90°, the apparent contact angle θ w will be decreased by a surface roughness factor. Since bare PMMA surfaces are intrinsically oleophilic, the decrease in the hexadecane contact angle on the micro-patterned surface can be explained by the Wenzel model.
In contrast, although the bare PMMA surface was intrinsically hydrophilic, the contact angle of the DI water on the micro-patterned surface increased. This result indicates that DI water on a micro-patterned surface is characterized by the Cassie-Baxter model rather than the Wenzel model. The wetting behavior of the Cassie-Baxter state is governed by the following equation [19] :
where θ c is the apparent contact angle on the textured (micro-pattered) surface, φ s is the fraction of the solid in contact with the liquid, which is normally less than unity, and θ i is the intrinsic contact angle on a flat surface of the same material. In contrast to the Wenzel model, the apparent contact angle, θ c increases with the surface roughness regardless of the intrinsic contact angle. However, in many cases, when a droplet is placed on a micro-patterned surface, the liquid partially enters the patterns [32] . This wetting model is called an intermediate wetting model, and has been observed by Luo et al. [33] . To understand the exact wetting behavior of the liquids on the micropatterned surface, it is necessary to consider the sliding angle.
Dynamic contact angles
The dynamic behavior of liquids on surfaces can be characterized by the sliding angle and contact angle hysteresis. The sliding angle is defined as the critical inclination angle at which a droplet rolls down the surface [23] . The contact angle hysteresis is defined as the difference between advancing and receding angles when the tilting angle is changed [21] . Table 3 shows the data for the measured static and dynamic contact angles of DI water. It can be seen that the sliding angle is gradually decreased by fluorinating and micro-patterning. However, in contrast to the sliding angles, the contact angle hysteresis increased. This is because a water droplet on a micro-patterned surface has a smaller contact area, compared to a flat surface. Theoretically, in the Cassie-Baxter model, a water droplet on a rough surface is described as non-sticky [21] . This means that the adhesion between the droplet and the surface is extremely low. Therefore, the droplet can easily roll down the surface when it is tilted slightly, and the sliding angle and contact angle hysteresis of the droplet on the surface is typically less than 10° [7] .
In this work, however, an abnormal phenomenon was observed: though the apparent contact angle of DI water on the micro-patterned PMMA surface was 134.2° ( Fig. 3(e)) indicating the hydrophobicity of the Cassie-Baxter model, the sliding angle of DI water on the micro-patterned PMMA surfaces was 60°, which is a kind of sticky behavior, indicating the presence of hydrophilicity, as in the Wenzel model, as shown in Fig. 5(c) .
This indicates that DI water droplets on micro-patterned surfaces cannot be simply described by the Cassie-Baxter model alone, but are better described by the intermediate wetting model, between the Wenzel and the Cassie-Baxter models.
Accordingly, the wetting behavior of DI water droplets on the micro-patterned surface should be appropriately investigated using a schematic diagram of the solid-liquid interface of the B-PMMA and M-PMMA surfaces. 
CONCLUSIONS
Three types of sample were fabricated by spraying and thermal imprinting on PMMA surfaces, and then their wetting behavior was investigated. Although bare PMMA surfaces were hydrophilic, the apparent contact angle of the DI water on the micro-patterned PMMA surface increased to 134.2º, indicating hydrophobicity. Unexpectedly, the sliding angle of the DI water on the micro-patterned PMMA surface was very high at 60°. The abnormal phenomena of both the large apparent contact angle of 134.2º and the unusually large sliding angle of 60º for DI water on the micro-patterned PMMA surface could be rigorously explained using an intermediate wetting model. To fully predict the wetting behavior of liquids on the micro-patterned surfaces, the intermediate wetting model, which incorporates the sliding angle, must be taken into account.
To fabricate a perfect non-sticky surface on the micro-patterned PMMA, chemical surface modification is needed to produce low capillary force, and an optimized structural design is required to produce a large air counterforce. Table Captions   Table 1 . Thermal imprinting conditions used in the PMMA micro-patterning process. Table 2 . Notation and data of each sample for different fabrication methods. Table 3 . Wettability related data for samples obtained from the deionized water. 
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